In the global context of process intensification, heat exchanger/reactors are promising apparatuses to implement exothermic chemical syntheses. However, unlike heat exchange processes, the implementation of chemical syntheses requires to control the residence time to complete the chemistry. A way to combine the laminar regime (i.e. enough residence time) with a plug flow and the intensification of both heat and mass transfers is the corrugation of the reaction path. In this work, the experimental set-up is based on plate heat exchanger/reactor technology. 7 millichannel corrugated geometries varying the corrugation angle, the curvature radius, the developed length, the hydraulic diameter and the aspect ratio have been designed and experimentally characterized (heat transfer, mixing times, pressure drops, RTD). The objectives were to assess their respective performances to derive some correlations depending on the channel design.
Influence of the meandering channel geometry on the thermo-hydraulic performances of an intensified heat exchanger/reactor
Introduction
In the global context of process intensification, defined by Stankiewicz and Moulijn [1] as "any chemical engineering development that leads to a substantially smaller, safer, cleaner and more energy-efficient technology", heat exchanger/reactors are promising apparatuses [2, 3] . Indeed, by combining a reactor and a heat exchanger in only one unit the heat generated (or absorbed) by the reaction is removed (or supplied) much more rapidly than in a classical batch reactor. As a consequence, heat exchanger/reactors may offer better safety (by a better thermal control of the reaction), better selectivity (by a more controlled operating temperature) and by-products reduction (in case of temperature-dependent secondary reaction for instance).
The main interesting ways to intensify heat and mass transfers in heat exchanger/reactors are to insert 3D elements like metallic foams or fins [4] [5] [6] or to structure the flow path (2D or 3D) [7] [8] [9] [10] [11] [12] [13] . Such apparatuses have to address many points in terms of Fig. 1 . Visualization of the secondary loops in a square duct cross section [16] .
Re is the Reynolds number,
, and u are respectively the flow density (kg m −3 ), viscosity (Pa s) and velocity (m s −1 ).d h is the channel hydraulic diameter (m) and R c is the curvature radius (m). An increase of the Dean number tends to move the axial velocity peak from the centre to the outward duct wall. Above a critical value of the Dean number, because of the flow instability, two additional vortices appear. They are called the Dean vortices. Fig. 1 illustrates this flow phenomenon.
The critical Dean number ranges between 100 and 250 according to the employed Dean vortices detection method [16] [17] [18] . Downstream each bend, the flow tends to a laminar flow in the straight length. By alternating the corrugations, the flow instabilities are reactivated in each bend which promotes the radial homogenization of the velocity, temperature and momentum fields [19] .
On the other hand, this expected gradients homogenization has to be balanced with a pressure drop increase. The goal of this work is thus to optimize the corrugated channel geometry in order to intensify the heat and mass transfers while getting a low Reynolds number flow. This last point is required to have reasonable residence time (to complete the chemistry) and low pressure drop.
Moreover to expect a future industrialization of heat exchanger/reactor technologies, the scalability is another major step to study. Indeed, during the scale-up procedure, each similitude law (hydrodynamics, chemistry, geometry,. . .) should be verified in order to maintain the performances. However each law is characterized by its own invariant parameter (time, length,. . .) and it is often impossible to verify the principle of similitude:
G mock−up = k × G pilot , with k a constant parameter (3) It is thus required to characterize the effect of the scale-up on the performances of our system. The 2nd objective of this work is then to deduce rules and correlations which will be used to predict the performances of the meandering channel at a pilot scale.
In the present work, a plate-type heat exchanger/reactor, including one process plate and one cooling plate, has been studied. On each plate, a wavy milli-channel has been mechanically etched. This work aims at characterizing the flow performances in several geometries in terms of residence time distribution, mixing times, heat transfer and pressure drops. Both the influence of the channel geometry and the influence of the channel characteristic sizes (hydraulic diameter and aspect ratio) have been studied. Seven geometries have been considered and a mock-up has been built for each one.
Materials and methods

Experimental mock-ups
The mock-ups are made of three plates: a cooling plate sandwiched between a closing plate and a 'process plate' in which the reactants are flowing co-currently. The cooling plate is a 7 mm thickness aluminium plate with a high thermal conductivity ( = 247 W m −1 K −1 ). It is used during thermal experiments and is removed for the hydrodynamic characterizations. Both the closing and 'process' plates are made of PolyMethylMethAcrylate (PMMA), whose thermal conductivity, coupled to a thickness of 20 mm, is low enough to avoid thermal losses ( = 0.19 W m −1 K −1 and /e = 8.5 W m −2 K −1 ; negligible in comparison with the local heat transfer coefficients). The transparency of these plates is necessary in order to visualize the flow in the channel during mixing experiments. To test various channel designs, the mock-ups have to be easily and quickly implemented. As a consequence, each plate is etched in the laboratory with a numerically controlled milling machine. Then, the plates are assembled with 16 clamping screws for the thermal experiments (see Fig. 2 ), or chemically bonded for the hydrodynamic tests.
Each mock-up is connected to a test bench equipped with 2 magnetic drive pumps (Verder, 0-5 and 0-10 L h −1 ), three mass flow metres (Micromotion), a differential pressure measuring transducer (Rosemount, 0-5 bars), 12 temperature probes (Pt100 and thermocouples), two spectrophotometers (AvaSpec 2048, AvaLight DHc and In-line flow cells Avantes) and a syringe pump. Experimental data (temperature, flowrate, pressure and absorbance) are recorded by an on-line data storage system.
Geometrical parameters of the wavy channels
Two main challenges have to be addressed when structuring the wavy channels:
-How can a plug flow and a sufficient residence time for the chemistry be combined? -How can a laminar flow (in order to get a sufficient residence time and low pressure drop) and the intensification of mass and heat transfers be combined?
In order to optimize the geometry with respect to these criteria, the influence of the geometrical parameters on residence time distribution, mixing, thermal performances and pressure drops has been investigated in this work.
The geometrical parameters were chosen with regards to those commonly studied in the literature. Cheng et al. [20] and Fellouah et al. [16] studied the influence of both the curvature radius and the aspect ratio on the critical Dean number. The aspect ratio is defined as the ratio between the duct height and its width. Works about its influence on both the Nusselt number [21, 22] and the friction factor [23] have also been done. Finally the effects of corrugation angle [24, 25] and corrugation pitch [25, 26] have been studied.
From these works, four parameters appear to be important (see Fig. 3 ): the aspect ratio, a/b with a and b respectively the channel height and width; the curvature radius, R c ; the corrugation angle, and the straight length, L d which corresponds to the length between two bends. The corrugation pitch and the corrugation height both depend on the corrugation angle and the straight length.
The value of the curvature radius depends on the channel width as illustrated on the Fig. 4 .
The channel width in Fig. 4 is equal to 4.02 mm. Three curvature radius values coexist. The curvature radius defined along the neutral axis equals 4 mm whereas the external curvature radius (R c,e ) and the internal curvature radius (R c,i ) are respectively equal to 6 and 2 mm. They are defined by:
and
with b the channel width.
The Dean number is defined as De
. As a consequence, three different Dean numbers can be considered in the channel. The largest one, i.e. the one resulting from the smallest curvature radius (the internal curvature radius), will be named the internal Dean number, De i . In order to identify the influence of each parameter on the thermo-hydraulic performances, only one parameter varies from one mock-up to another. The geometrical data are given in Table 1 and Fig. 5 illustrates them.
The mock-up 'a' is made of 37 rows and 36 180 • turning bends. 2 rows are illustrated in Fig. 5 . Each row is 90 mm long. Then, from mock-up 'b' to mock-up 'g', only one parameter changes from a mock-up to another. As a consequence to understand the influence of each geometrical parameter, it is important to compare the right mock-ups. For instance, to study the influence of the curvature radius, only the performances of mock-ups 'd' and 'e' will be compared. The hydraulic diameter of mock-up 'g' (4 mm) has been chosen so as to have a range of Reynolds number in common with the 2 mm mock-ups without any major change of the pump or flow metre equipment.
Experimental characterizations
The mock-ups have been characterized in terms of pressure drops, Residence Time Distribution (RTD), thermal performances and mixing [27] . These characterizations aim at both studying the flow behaviour according to the geometrical parameters and correlating the performances to a scale-up parameter.
Pressure drops are measured with a differential pressure sensor. Its measurement range varies from 0 to 5 bar with an accuracy of ±5%. Pressure probes are set at the inlet and the outlet of the mock-ups where temperature sensors are also connected. The temperature is, indeed, an important data to assess the fluid properties (density and viscosity). The working fluids are distilled water and 67%w. glycerol. From the experimentally measured pressure drop, the Darcy coefficient, , is assessed according to the following expression:
with the fluid density (kg m −3 ), u its velocity (m s −1 ); L and d h respectively the length (m) and the hydraulic diameter (m) of the channel and P the pressure drop (P a). The thermal study is based on experiments which aim at cooling the fluid flowing in the process plate. Process fluid is distilled water heated at 75 • C whereas utility fluid is raw water at about 13 • C. For each experiment, the utility flowrate is set to 100 L h −1 whereas the process flowrate varies from 1 to 15 L h −1 . In order to avoid temperature pinch, temperature is measured all along the channel: 6 temperature sensors are set between the inlet and the outlet of the process plate and 2 temperature sensors are set at the inlet and the outlet of the cooling plate. The temperature profile all along the process channel shows that between 40 and 60% of the total channel length is sufficient to exchange the heat duty. As a consequence, the thermal balances have been made between the process channel inlet and the first temperature sensor, which is located on the 2nd row (0.26 m from the inlet). From the measured temperature difference, T, the exchanged thermal power, P(W), is assessed:
m and C p are respectively the flowrate (kg s −1 ) and the specific heat of the fluid (J kg
, is then calculated with:
T ml is the logarithmic mean temperature difference and A the heat exchange area. As previously described, the channel is etched in a PMMA plate and closed with an aluminium plate. As a consequence the heat exchange area corresponds to the area in contact with the aluminium plate.
The Nusselt number is written as:
d h is the channel hydraulic diameter and p is the fluid thermal conductivity (W m −1 K −1 ). h p is the local heat transfer coefficient of the process fluid (W m −2 K −1 ) and is deduced from the following equation:s
e and are respectively the thickness and the thermal conductivity of the aluminium plate (W m −1 K −1 ). h u is the local heat transfer coefficient of the cooling side. It has been assessed to be 27 kW m −2 K −1 in our geometry. This value is high enough to consider that the heat transfer mechanism on the cooling side is not a limiting parameter. Finally, to compare each geometry, the Nusselt numbers are plotted against the Reynolds number in the results section.
To characterize the global mixing level of each mock-up, the reaction of discolouration of an iodine solution with sodium thiosulfate is implemented according to the following reaction scheme:
Thiosulfate and iodine concentrations are respectively equal to 1.4 × 10 −2 mol L −1 and 5 × 10 −3 mol L −1 . The ratio of flowrates is equal to 1 [28] .
This homogeneous reaction is instantaneous and mixing limited. As a consequence, at steady state, by measuring the required length to complete the discolouring of iodine, the mixing time can be easily determined. The mixing times are then compared according to both the flow regime and the channel geometry.
Finally, RTD experiments have been carried out in order to characterize the hydrodynamic behaviour in each geometry. A spectro-photometric technique that entails a coloured tracer has been used. Two measuring probes are set up at the inlet and at the outlet of the mock-up. The acquisition time is set to 0.12 s. Each experiment has been performed at room temperature with a flowrate varying from 5 to 18 kg h −1 (Reynolds number range from 450 to 2500). The NETR (Number of Equivalent stirred Tank Reactors) has been assessed from the experimental RTD [29] . The higher NETR is, the more the flow behaves like a plug flow, which is necessary to perform safely and efficiently chemical syntheses.
Numerical simulations
To complete the experimental results and understand the flow mechanisms in the corrugated channel, numerical simulations have been implemented with a commercial CFD code (Fluent). A schematic view of the modelled corrugated channel is illustrated in Fig. 6 . The green cross-sections have been defined to visualize the flow all along the straight and the curved lengths.
The numerical results in the cross sections located downstream the 7th bend have been considered to establish the velocity profiles and study the flow mechanisms. The velocity profiles of the Fig. 6 have been plotted versus the radial position upstream the 3rd bend and upstream the 7th one. They perfectly match and thus demonstrate that the flow is established in the portion of interest.
A RNG (Renormalization Group) k-epsilon model has been considered to run the simulations and the mesh size has been optimized to 6 × 10 5 cells. Above this value, the numerically measured pressure drops are independent of the mesh size. 
Results and discussion
The results are divided into two sections. The first one concerns with the influence of the corrugation's geometrical parameters (curvature radius, straight length and bend angle) on both the flow behaviour and the transfer mechanisms. It concerns the mockups 'a', 'b', 'c', 'd' and 'e'. The second section is about the first steps towards the scale-up of corrugated channels. The objective is to predict the meandering flow behaviour during the scale-up procedure. Three mock-ups (mock-ups 'e', 'f' and 'g') have been experimentally characterized and compared for that purpose and the influence of the hydraulic diameter and aspect ratio has been investigated.
Influence of the corrugation geometry
Pressure drops
For each geometry (from mock-up 'a' to mock-up 'e'), pressure drops per unit of length versus Reynolds number are plotted in Fig. 7 . This graph highlights the increase of pressures drops when the number of bends per unit of length increases. Thus, as expected, pressure drops in mock-up 'a' are the lowest ones. This is also the case when geometries 'd' (44 bends/m) and 'c' (106 bends/m) are compared.
If we compare the mock-ups 'b' and 'c', the number of bends per unit of length is very close (90 and 106 bends/m), whereas the bend angle is different (75 and 45 • ). As a consequence an increase of the bend angle seems to increase the pressure drops.
The increase of the curvature radius also increases the pressure drops. This is the case when mock-ups 'd' and 'e' are compared. The number of bends per unit of length is quite similar (44 and 38 bends/m) whereas the internal curvature radius increases from 0.5 to 3 mm.
The Darcy coefficient, which is characteristic of the size and of the geometry of the channel, has been plotted against the Reynolds number in Fig. 8 .
Whatever the geometry, the graph is divided into two zones on both sides of Re = 200. Below this value the Darcy coefficients are close to the characteristic value of a straight channel. In this regime (viscous fluids applications for instance), the effect of the bends on the pressure drops is quite negligible. The transition begins around Re = 200. This may be linked to the formation of Dean vortices around De = 150 [16] . This critical value corresponds to a Reynolds number of 130 in mock-ups 'b', 'c' and 'd' and 212 in mock-up 'e'. Above Re = 200 and as already observed in Fig. 7 , the main parameters are the corrugation angle (mock-up 'b' vs. mock-up 'c'), the number of bends per unit of length (mock-up 'c' vs. mock-up 'd') and the curvature radius (mock-up 'd' vs. mock-up 'e'). These three parameters are actually responsible for the increase of the curved length/straight length ratio which promotes pressure drops.
For each mock-up, the straight length is given in Table 1 whereas the curved length for one bend is assessed from the following equation:
From the previous experimental results, the pressure drop of one bend has been deduced for each geometry. It includes the pressure drop due to the curved length itself and the one due to the propagation of the bend vortices along the downstream straight length. The simulation results highlight these two pressure drop components in Table 2 .
The pressure drop assessed in a bend is exactly the same given by literature correlation or simulation results (16.77 Pa). The upstream corrugations have actually no influence on the considered bend in these simulation flow conditions. The flow is laminar at the bend inlet. The pressure drop in the straight length has been theoretically assessed considering no upstream bend ( =0.9 × 64/Re). It is 3 times lower than in the simulated straight length downstream the bend. This highlights the pressure drop component due to the vortices propagation. Fig. 9 illustrates this phenomenon.
The highest intensity of the counter-rotating vortices is observed at the bend outlet (S1 on Fig. 9 ). Then the intensity decreases all along the channel length before disappearing at S4. S5 shows that the flow became laminar again with the axial velocity peak slightly off-centred because of the bend centrifugal force.
The following graph (Fig. 10) shows the pressure drop per bend for each geometry. It has been assessed by removing the theoretical pressure drop due to the straight lengths from the global pressure drop. Then, this remaining pressure drop has been divided by the number of bends. As a consequence, the pressure drop per bend takes into account the pressure drop due to both the curved length of the bend and the vortices propagation.
The pressure drop per bend is higher in the mock-up 'd' than in the mock-up 'c' whereas the opposite trend was observed in In the mock-up 'b', the straight length is equal to 6.94 mm but the corrugation angle is higher than in the mock-up 'c' (respectively 75 • and 45 • ), the bend pressure drop is thus higher.
Finally, the highest pressure drop per bend is observed in mockup 'e'. This is due to the curved length which is actually 2.6 times longer than the one of mock-up 'd' with the same straight length. This is the influence of the internal curvature radius.
Finally, it can be established that pressure drops in a corrugated channel are made of three components: the pressure drop in the straight lengths, the pressure drop in the curved lengths and the pressure drop due to the propagation of the vortices downstream each bend.
The straight length between two bends seems to be the key parameter. Its increase reduces the number of bends per unit of length and thus the total pressure drop. However, when the straight length is lower than the propagation length, its increase promotes the propagation of the vortices and thus the pressure drop. This increases the pressure drop per bend until reaching a maximal value when the straight length is equal to the propagation one.
The pressure drop also depends on the corrugation angle. The higher the corrugation angle, the higher the curved length, thus promoting the pressure drops (see Eq. (6)).
Finally, the pressure drop profiles are strongly dependent on the number of bends and on their geometry. The following section details their influence on the RTD.
Residence time distribution
The RTD has been investigated for each geometry (mock-ups 'a' to 'e'). The following graph (Fig. 11) illustrates the experimental results. The number of equivalent stirred tank reactors (NETR) per unit of length has been assessed in each mock-up.
First of all, whatever the geometry, the NETR is high enough (NETR > 50 for mock-ups from 3.4 to 5 m long) to consider that the flow behaves like a quasi-plug flow. However the influence of the wavy geometry on NETR is not negligible. As highlighted in the pressure drop study, the main parameters are also the number of bend per unit of length and the ratio between the curved length and the straight one. On Fig. 11 , the NETR of mock-up 'c' is around 2 times higher than the NETR of mock-up 'd'. The bends of these geometries are strictly the same (curvature radius and corrugation angle). Thus, the difference lies on the straight length between two bends and as a consequence on the number of bends per unit of length which promotes the plug flow behaviour. Actually, the flow instabilities generated in each bend promote the radial homogenization of the concentration gradients which reduces axial dispersion.
Similarly, the increase of the ratio between the curved length and the straight one, leads to an increase of the NETR per unit of length. The NETR per unit of length in mock-up 'b' and mock-up 'e' are respectively higher than in mock-up 'c' and mock-up 'd'. This is due to their ratio between the curved length and the straight one which increases with the increase of the bend angle (mock-up 'b' compared to mock-up 'c') or the curvature radius (mock-up 'e' compared to mock-up 'd'), the other geometrical parameters being kept constant.
These results are confirmed with the graph of Fig. 12 which shows the influence of the wavy geometry on the NETR per bend.
On Fig. 12 , the NETR in the mock-ups 'c' and 'd' are very close. The bends are strictly identical and so is their influence on the RTD measurements. Thus this is, indeed, the bends which govern the RTD and the higher the number of bends per unit of length, the narrower the RTD.
The decrease of the NETR/bend between mock-ups 'b' and 'c' or between mock-ups 'e' and 'd' may be due to two effects. The first one is the decrease of the ratio between curved length and straight length. The second one could be due to the appearance of axial re-circulating cells generated downstream each bend when the curvature radius decreases [26, 31] . This phenomenon creates recirculating zones downstream each bend that could disturb the plug flow behaviour. However, whatever the geometry, the number of bends per unit of length and the NETR per bend are high enough to assume a quasi plug flow whatever the channel design.
Mixing performances
Mixing performances have been assessed by measuring the mixing times versus the Reynolds number. Results are given in Fig. 13 . As expected, the trend is as follows: the mixing times are decreasing with the increasing Reynolds number.
Whatever the Reynolds number, mixing times in the mockup 'a', which is made of 90 mm straight lengths and 180 • turning bends, are higher than in the corrugated geometries (mock-ups 'b' to 'e'). Moreover, the influence of the geometry is relevant for lower Reynolds number. Above Re = 700, mixing times tend to be similar whatever the corrugation (except for mock-up 'a').
At a constant Reynolds number, mixing in mock-up 'e' is less efficient than in the other corrugated mock-ups with a gap around Re = 150. This result may be due to the flow structure which is different in the mock-up 'e'.
In the literature, the critical Dean number, above which the Dean vortices appear, is estimated between 100 and 250 [16] . These vortices promote the homogenization of the temperature, the velocity but also the concentration gradients. Thus it contributes to improve the mixing performances of the corrugated flow.
In our experiments, the geometrical parameter which is different between mock-up 'd' and mock-up 'e' is the curvature radius (respectively 1.5 and 4 mm). As a consequence, when the Reynolds number equals 150, the Dean number equals 160 in the mock-up 'd' and 100 in the mock-up 'e'. Thus it seems that the critical Dean number has been reached in mock-up 'd' (and also in mock-ups 'b' and 'c') which is not the case for mock-up 'e'. The Fig. 14 illustrates this result by considering the mixing times versus the Dean number.
These results confirm the former hypothesis since for a constant Dean number the mixing performances are equal whatever the geometry. The curvature radius will be thus an important parameter to be considered for mixing applications and particularly with viscous fluids for which the Reynolds numbers are low.
Thermal performances
From temperature measurements, the influence of wavy geometries on the thermal performances is studied. In that way, an intensification factor is introduced. It takes into account the global heat transfer coefficient, U (W m −2 K −1 ) but also the geometry compactness. It is defined as:
with A the heat exchange area (m 2 ) and V the volume of fluid (m 3 ). The graph of Fig. 15 shows the intensification factor versus the flow rate for each geometry. First, as obtained during the pressure drop and the RTD studies, the influence of the number of bends per unit of length is relevant. The intensification factor almost reaches a ratio of 2 between geometry 'c' (106 bends/m) and 'd' (44 bends/m).
Unlike RTD and pressure drop measurements, the influence of the corrugation angle seems here to be negligible since the curves of geometries 'c' ( = 45 • ) and 'b' ( = 75 • ) are superposed. Finally, an increase of the curvature radius from 1.5 (geometry 'd') to 4 mm (geometry 'e') leads to a decrease of the intensification factor. Two effects are involved; the decrease of the number of bends per unit of length (from 44 to 38 bends/m) and the decrease of the Dean number (for a constant flow rate) which leads to a decrease of recirculating cells intensity. This phenomenon is illustrated in Fig. 16 .
The effects of both the number of bends per unit of length (mock-up 'c' vs. mock-up 'd') and the corrugation angle (mock-up 'b' vs. mock-up 'c') are obviously unchanged. However, as observed for mixing characterizations, the Dean number is still the relevant dimensionless number when the curvature radius is considered. Indeed, similar profiles are obtained for both geometries 'd' (R c = 1.5 mm) and 'e' (R c = 4 mm). The results of the thermal characterizations complete the previous experimental results. The Dean number seems to be the relevant parameter and then the influent geometrical parameter is the number of bends per unit of length.
Conclusion of the parametric study
The influence of the geometrical parameters of a wavy channel on heat transfer, pressure drops, mixing performances and residence time distribution has been investigated in the first part of this work. The main goal was to study and to understand both the thermo-hydraulic mechanisms and the flow behaviour in the corrugated channel of a plate heat exchanger/reactor. The trends are obviously different and the most efficient geometry will depend on the chosen performance criteria. Actually, the most efficient mockups in terms of heat and mass transfers and/or momentum often generate many flow instabilities. As a consequence performance criteria have to be compared to each other to find the optimal geometry. It will depend on both the end-using specifications and the aimed versatility of the heat exchanger/reactor. For instance, it is interesting to plot the thermal performances vs the pumping power as illustrated on Fig. 17 .
This graph shows that for a fixed pumping power, the mock-up 'c' is the most efficient concerning the heat transfer criterion. The mock-up 'b' generates too high pressure drops for an equivalent intensification factor (see Fig. 15 ).
Moreover, although pressure drops decrease between the mockups 'c' and 'd' (because of the decrease of the bend number per unit of length from 106 to 44 bends/m), it does not balance the decrease of heat transfer coefficient. So as illustrated in Fig. 17 , the mock-up 'd' is less efficient than the mock-up 'c' if we consider the intensification factor vs. the pumping power. However, many other criteria, like compactness, manufacturing costs,. . . can be considered. In that case, the ranking of the corrugated geometries may change.
The first part of this work shows that the influence of each geometrical parameter depends on the considered performance criterion. That is the reason why an optimization regarding the specifications and the technology use is required. Once the optimum geometry is defined and to expect a future industrialization, the performance prediction during the scale-up procedure is required. The first steps towards the scale-up of corrugated channel are described in the following part of this paper.
Influence of both the hydraulic diameter and the aspect ratio
Three mock-ups ('e', 'f' and 'g') are considered in this section. The channels of mock-ups 'e' and 'g' are respectively 2 mm and 4 mm square-cross section. The mock-up 'f' is made of a rectangular cross section channel of 2 mm large and 4 mm in-depth.
Residence time distribution
The RTD has been experimentally investigated for those three geometries. The following graph illustrates the number of equivalent stirred tank reactors (NETR) versus the flow velocity in each geometry. The RTD measurements have also been implemented in a rectangular cross-section (2 × 4 mm 2 ) straight channel.
For each corrugated geometry, the NETR is high enough (NETR > 150) to consider that the flow behaves like a plug flow in the corrugated channels whatever the characteristic size. This is not true in the rectangular cross section straight duct, since the NETR is less than 50.
During the scale-up procedure, the residence time has to be kept constant to complete the chemistry. Since the developed length of the three mock-ups is the same, the comparison at a constant flow velocity is of interest. The graph of Fig. 18 shows that the higher the hydraulic diameter, the narrower the RTD. This is actually the Reynolds number influence which increases with the hydraulic diameter. Thus, if the flow velocity is equal to 0.3 m s −1 , the Reynolds number is respectively of 600, 800 and 1200 in the mock-ups 'e', 'f' and 'g'. The following graph represents the NETR versus the Reynolds number.
The comparison between Figs. 18 and 19 highlights the interest of considering the Reynolds number during the scale-up process. However there is still a difference between each geometry, especially above Re = 1000. This could be due to the internal Dean number influence which tends to increase with the increase of the channel size (because of both the increase of the hydraulic diameter and the decrease of the internal curvature radius). Therefore, the NETR is plotted versus the Dean number in the following graph (Fig. 20) . The characteristic curves are very close each other, highlighting the relevance of considering the internal Dean number. Actually, the scale-up process does not penalize the plug flow characteristics which are even improved if the flow velocity or the Reynolds number are kept constant. The performances are maintained with the internal Dean number which is an interesting result to predict the flow behaviour during the scale-up step.
Mixing performances
The mixing performances have been assessed by measuring the mixing times versus the Reynolds number. The results are given in Fig. 21 .
The mixing times are quickly decreasing with the increase of the Reynolds number. The mock-up 'g' is more effective in terms of mass transfer than the other ones, this could be due to the Dean number as observed during the RTD experiments. On the other hand, the mixing times of mock-ups 'e' and 'f' are quite close. The internal curvature radiuses of these two geometries are actually similar (3 mm). As a consequence when the Reynolds number is equal, the ratio between the Dean numbers of both mock-ups 'e' and 'f' is equal to:
This ratio is close to 1 and that could be the reason why the characteristic curves are very close. On the other hand, the Dean number ratio between mock-ups 'e' and 'g' is equal to:
Dean numbers in mock-ups 'e' and 'g' are quite different and the flow might not have the same behaviour. This is what is observed when plotting the mixing times versus the Dean number in Fig. 22 . As observed during the RTD experiments, the Dean number is still the relevant parameter to predict the performances during the scale-up procedure from 2 to 4 mm. However, whatever the considered scale-up parameter (velocity, Reynolds number or Dean number), the mixing performances do not decrease during the scale-up process and are even improved. As a conclusion, both RTD and mass transfer are not limiting processes during the scale-up here from 2 to 4 mm. 
Pressure drops
The Darcy coefficient, which is characteristic of the size and of the geometry of the channel, has been plotted against the Reynolds number in Fig. 23 .
Whatever the geometry, the graph is divided into two zones apart Re = 200. Below this value the Darcy coefficients are close to the value typical of a straight channel. In this regime (viscous fluids applications for instance), the effect of the bends on the pressure drops is quite negligible. However, it can be noticed that the Darcy coefficients of the two square cross section mock-ups are each other closer than with the rectangular cross section mockup. As a consequence, when the aspect ratio is kept constant, the Darcy coefficient can be correlated to the Reynolds number in the very laminar regime (Re < 200):
Both the rectangular corrugated channel and the rectangular straight one lead to higher pressure drops in the low Reynolds regime (Re < 200). Since the corrugations have few effects on the pressure drop, the difference between square and rectangular cross sections may be due to the aspect ratio effect which has been studied by Shah & London [32] and is illustrated in Fig. 24 .
Shah & London [32] showed that the friction factor increases when the aspect ratio decreases. This is what is observed in Fig. 23 below Re = 200. Beyond Re = 200, the channel characteristic size begins to influence the Darcy coefficients. This may be the Dean number influence as illustrated on the graph of Fig. 25 .
Considering the square cross section corrugated channels, the Darcy coefficient curves of both geometries 'e' and 'g' are very close each other above Re = 200. In this regime the Dean number is again the relevant dimensionless number governing the flow. It allows the prediction of pressure drops during the scale-up procedure and the following correlation can be used for corrugated millichannels:
The influence of the aspect ratio is significant whatever the flow regime. Below Re = 200, the rectangular cross section tends to promote the Darcy coefficient whereas beyond Re = 200 the Darcy coefficient in the rectangular cross section channel is lower than in the square cross section channel. The influence of this parameter should be further studied.
Thermal performances
The graph on Fig. 26 plots the Nusselt number versus the Reynolds number obtained in each corrugated geometry.
This graph highlights two results. The first one is the improvement of the thermal performances with the increase of the hydraulic diameter (from 2 to 4 mm). This may be due to the Dean number influence. The second result is the influence of the aspect ratio. The cross section elongation from 1 to 0.5 seems to improve the thermal performances. This is not the tendency observed by Shah & London [32] in a straight rectangular duct (case 4 on Fig. 27 ).
However, unlike Shah & London [32] , the present work concerns corrugated channel and the aspect ratio seems to have an influence on the radial recirculation loops. Indeed, in a rectangular cross section channel, in addition to the counter rotating vortices close to the wall, additional vortices appear in the cross section along the outer wall (Fellouah et al., [16] ). This is illustrated in the Fig. 28 where velocity profiles have been plotted upstream a bend in mock-ups 'e', 'f' and 'g' (Re = 400).
Given a Reynolds number, the additional vortices observed in the rectangular cross section promote the homogenization of temperature gradient. The better heat performances observed in the mock-up 'f' may be due to this phenomenon. However further developments are required, particularly to dissociate the aspect ratio influence from the one of the ratio between curvature radius and hydraulic diameter. These both parameters are indeed varying in the mock-up 'f' compared to mock-ups 'e' and 'g'. The Nusselt number vs the Dean number has been plotted for the two square cross section geometries (see Fig. 29 ).
Given a constant Dean number the heat transfer performances are very close whatever the channel hydraulic diameter. Unlike straight tube correlations of Nusselt number vs Reynolds number, the heat transfer performances of a corrugated channel seem to depend on the Dean number. This noticeable result shows that as long as the Dean number is kept constant, the scale-up procedure (here from 2 to 4 mm hydraulic diameter) has no effect on the Nusselt number.
As a consequence a Nusselt number correlation has been established: (15) This correlation is the first brick for the prediction of heat transfer performances during the scale-up process of corrugated millichannels. Fig. 28 . Velocity profiles at the bend outlet in mock-ups 'e', 'f' and 'g' (Re = 400). 
Conclusion and perspectives
The influence of the geometrical parameters and characteristic size of a wavy channel on heat transfer, pressure drops, mixing performances and residence time distribution have been investigated in this work. The main goal was to study and to understand both the thermo-hydraulic mechanisms and the flow behaviour in the corrugated channel of a plate heat exchanger/reactor. This is the first step of the geometry optimization and the component scale-up. Then the second objective was to establish correlations to predict the flow behaviour during the channel scale-up procedure.
The RTD characterizations, modelled by N-tank in series, showed that whatever the geometry and the flow regime (200 ≤ Re ≤ 2100), the flow behaves like a quasi-plug flow and the number of bends is the relevant parameter. As a consequence it can be limited to a minimum value. This result is interesting facing the pressure drops since the lower the number of bends, the lower the pressure drop. Three pressure drop components have been identified: the one due to the straight length, the one due to the curved length and the pressure drop due to the propagation of the vortices generated in the bend. Actually, the longer the straight length, the higher the pressure drop per bend (because of vortices propagation) but the lower the total pressure drop (due to number of bend per unit of length). Moreover, the pressure drop increases when the ratio between straight length and curved length decreases, i.e. when the corrugation angle or the curvature radius increase.
The second part of the experimental characterization concerns the heat and mass transfer assessments. The mixing times are homogeneous whatever the geometry above Re = 700. Under this value, the mixing times mainly depend on the curvature radius. The relevant dimensionless number is no longer the Reynolds number but actually the Dean number which takes into account the vortices generated in each bend. The heat transfer performances are more sensitive to the channel geometry. They depend on the number of bends per unit of length and of the curvature radius. The Dean number is again the relevant dimensionless number. The Nusselt number curves vs. Dean number are similar whatever the curvature radius is.
In order to avoid complex heat exchanger/reactor geometries which could generate high manufacturing and operating costs, the idea was to study a simple 2D process channel geometry. This work led to a better understanding of the flow mechanisms in the corrugated channel. The main objective is then to optimize the channel geometry depending on the process constraints. The second step of this work was to derive design rules and correlations to scale-up these apparatuses from lab-scale to pilot-scale.
The effects of the hydraulic diameter and the aspect ratio of wavy channels on heat transfer, pressure drops, mixing and residence time distribution have been investigated in that purpose. The main goal was to study the evolution of these performance criteria during the scale-up process.
When increasing the channel characteristic size, RTD results and mass transfer are improved with respectively narrower RTD and shorter mixing times. However the main result concerns the relevance of the internal Dean number to predict the corrugated flow behaviour. This dimensionless number is assessed from the internal curvature radius. Thus for a given Reynolds number, the hydraulic diameter increase, which induces a curvature radius decrease, has strong effect on the Dean number. Nusselt numbers and Darcy coefficients are also directly linked to the internal Dean number and remain constant during the scale-up process from 2 to 4 mm providing that the aspect ratio is equal to 1.
The established correlations are the first step towards the flow behaviour prediction during the scale-up process. However it would be interesting now to dissociate the effect of the aspect ratio from the hydraulic diameter one with additional mock-ups and to transpose these correlations to a 100 L h −1 pilot in order to assess their relevance.
